Taste buds were isolated from the fungiform papilla of the rat tongue and the receptor cells (TRCs) were patch clamped. Seals were obtained on the basolateral membrane of 281 TRCs, protruding from the intact taste buds or isolated by micro-dissection. In whole-cell configuration 72% of the cells had a TTX blockable transient Na inward current (mean peak amplitude 0.74 hA). All cells had outward K currents. Their activation was slower than for the Na current and a slow inactivation was also noticeable. The K currents were blocked by tetraethylammonium, Ba, and 4-aminopyridine, and were absent when the pipette contained Cs instead of K. With 100 mM Ba or 100 mM Ca in the bath, two types of inward current were observed. An L-type Ca current (ICaL) activated at -20 mV had a mean peak amplitude of 440 pA and inactivated very slowly. At 3 mM Ca the activation threshold of ICa L was near -40 mV. A transient T-type current (/CAT) activated at -50 mV had an average peak amplitude of 53 pA and inactivated with a time constant of 36 ms at -30 inV. ICR L was blocked more efficiently by Cd and D600 than/Ca T. ICa T was blocked by 0.2 mM Ni and half blocked by 200 #M amiloride. In whole-cell voltage clamp, Na-saccharin caused (in 34% of 55 cells tested) a decrease in outward K currents by 21%, which may be expected to depolarize the TRCs. Also, Na-saccharin caused some taste cells to fire action potentials (on-ceLl, 7 out of 24 cells; whole-ceLl, 2 out of 38 cells responding to saccharin) of amplitudes sufficient to activate/CAL. ThUS the action potentials will cause Ca inflow, which may trigger release of transmitter.
INTRODUCTION
Recent electrophysiological investigations, including patch clamp experiments, have shown that amphibian taste receptor cells (TRCs) are able to generate action potentials in response to electrical stimulation (Roper, 1983; Kashiwayanagi et al., 1983; Avenet and Lindemann, 1987a, b; Kinnamon and Roper, 1987; Miyamoto et al., 1988; Teeter et ai., 1989) . Action potentials were also observed in response to tastants like acid or salt (Avenet and Lindemann, 1987a) . Furthermore, Ca currents were demonstrated, suggesting that Ca inflow mediates transmitter release Teeter et al., 1989) . It seems, therefore, that voltage-gated Na and Ca conductances play an important role in the amphibian TRCs.
The case is less clear for mammalian TRCs. Available data are restricted to cells from the circumvallate papilla. One study concerned with the bitter response describes only a few cells with transient Na inward currents (Akabas et al., 1988 (Akabas et al., , 1990 . Denatonium, a strong bitter tastant, caused release of Ca from intracellular stores. No plasma membrane Ca currents were required. In another study, also concerned with the bitter response in mice, half of the cells investigated had voltage-gated Na currents (Spielman et al., 1989) and denatonium decreased outward K currents.
In this study we were mainly interested in the response to "sweet." A method to patch clamp TRCs from the rat fungiform papilla was developed. We report that voltage-gated Na and Ca conductances are present in most of the TRCs and that action potentials can occur in response to sweet stimulation. According to the thresholds estimated, the action potentials will trigger inflow of Ca (which probably mediates release of transmitter). Part of our results appeared in preliminary form (B6h6 et al., 1989a) .
MATERIALS AND METHODS

Isolation of the Taste Cell
Female Wistar rats weighing ~250 g were killed by dislocation of the cervical vertebrae. The tongue was rapidly removed and stored for no longer than 5 min in an ice-cold Tyrode solution pre-equilibrated with 100% 02. A high K culture medium solution (KCM) containing 4 mg/ml coUagenase and 2 mg/ml trypsin inhibitor was injected into the tongue (0.5-1 ml/tongue) from the cut end with a thin needle. The tip of the needle was carefully pushed through the superficial parts of tongue muscle as close as possible to the epithelium. Due to the injected volume the tongue was slightly swollen. A small hook was attached to the cut end and the tongue was suspended at room temperature in a 50-ml beaker containing a 0 mM Ca, 2 mM EGTA Tyrode solution equilibrated with 100% O~. During the incubation care was taken to avoid any contact of the external tongue surface with small amounts of collagenase solution leaking out of the injection puncture.
After 30 min the epithelium containing the taste buds could be gently pealed off from the underlying muscle. It was then rinsed and placed upside-down under a binocular dissecting microscope of 10-40x magnification. In this condition the taste buds (40 #m in diameter) could be seen inside the fungiform papillae (one taste bud per papilla). A glass capillary with an opening of ~50 #m was introduced in the papillae and the taste buds were individually sucked into the capillary. This was possible because the external low Ca treatment, concomitant with the internal collagenase treatment, had loosened the tight junctions and therefore the attachment of the buds to the papillae. In some cases the attachment was too strong and a complementary 0-raM Ca treatment of 10-20 rain was necessary.
The taste buds were allowed to settle in Tyrode solution on the bottom of a chamber that consisted of a standard glass slide onto which a silicon ring of 1-mm thickness and 10-mm inner diameter was pressed, The bottom of the chamber was covered with a thin layer of Cell-Tak (1 #g/cm2; Bin-Polymers, Inc., Farmington, CT) before use. After attachment of the buds the Tyrode solution was replaced by the KCM solution and the chamber was stored on ice in a 100% 02 atmosphere until use.
For patch clamping, the chamber was placed on the stage of an inverted microscope (model IMT2-F; Olympus Corporation of America, New Hyde Park, NY) and the cells were superfused at ~0.5 ml/min with appropriate solutions at room temperature. The cells were viewed with Nomarski optics at a total magnification of 400 x.
Electrical Recordings
The procedure for whole-cell recording closely followed the description by Hamill et al. (1981) . Patch pipettes were pulled from thick-walled borosilicate glass capillaries (outer diameter 2 ram, inner diameter 1-1.25 mm; Jencons Scientific Ltd., Bedfordshire, UK) on a two-stage puller designed in the laboratory. After fire-polishing, the tip resistances were 7-10 Mfl when filled with Tyrode solution.
The pipettes were manipulated with a hydraulic 3-D manipulator (model MO-103N-L; Narishige Scientific Laboratory, Tokyo, Japan). Patch-clamp currents were recorded with the EPC-7 amplifier (List Electronic, Darmstadt, FRG). Current and voltage signals were digitized at 40 kHz (16 bits) with an audio-PCM processor (model 501 ES, modified to pass zero frequency; Sony) and stored on a video tape recorder. Current and voltage pulses could also be simultaneously digitized with an analog-to-digital converter (DASH-16; Metrabyte, Taunton, MA) with a sample rate up to 30 kHz and stored on the disk of an IBM AT computer. A program written in the laboratory allowed for the construction of the currentvoltage diagrams.
Solutions and Reagents
The high KCM, prepared in the laboratory, contained (in mM): 103 KCI, 0.42 Ca(NO3) 2-4H20, 0.41 25.2 HEPES (pH 7.4) , and phenol red (5 mg,/ml). Basal medium Eagle amino acids (100x) and vitamins (100x), MEM nonessential amino acid (100x) (all from Gibco Laboratories, Grand Island, NY), penicillin/ streptomycin (10,000 E/10,000 #g per ml) (Seromed, Berlin, FRG) were each added at 1% and fetal calf serum (Seromed) was added at 10%. The Tyrode solution contained (in mM): 140 NaCI, 5 KCI, 1 MgCI~, 1 CaCI 2, 10 HEPES (pH 7.4), 10 glucose, and 10 pyruvate. The standard pipette filling solution for whole<ell recording contained (in mM): 140 KC1, 2 MgCI~, 1 CaC12, 11 EGTA (pCa 8), 10 HEPES-KOH (pH 7.2), and 5 ATP.
Nystatin (Sigma Chemical Co., St. Louis, MO) was first dissolved in DMSO under strong stirring to give a stock solution of 50 mg/ml, which was prepared new for each experiment.
The stock nystatin was added to the pipette solution to give a final concentration of 300 #g/ml and the solution was sonicated before each use.
The following chemicals were used in addition: Cell-Tak, concanavalin A (type IV; Sigma Chemical Co.), poly-L-lysine (Sigma Chemical Co.), collagenase (type A; Boehringer Marmheim Biochemicals, Indianapolis, IN), trypsin inhibitor (type I; Sigma Chemical Co.), tetrodotoxin (TIX; Sigma Chemical Co.), tetraethylammonium (TEA; Sigma Chemical Co.), 4-amino-pyridine (4AP; E.G.A., Steinheim, FRG), D-600 (Knoll A.G., Ludwigshafen, FRG), amiloride (Sharp & Dohme GmbH, Munich, FRG) , ATP (di-Na salt; Sigma Chemical Co.), adenosine 3'5'-cyclic monophosphate (cAMP; Serva Fine Biochemicals Inc., Garden City Park, NY), 8-bromoadenosine 3'5'-cyclic monophosphate (8-Br cAMP; Sigma Chemical Co.), dibutyryl adenosine 3'5'-cydicmonophosphate (di-but-cAMP; Sigma Chemical Co.), chloropbenylthioadenosine 3'5'-cyclic monophosphate (cpt-cAMP; Sigma Chemical Co.), 3-isobutyl-l-methylxanthine (IBMX; Sigma Chemical Co.).
Means are given • standard deviation with the number of observations (n) in parentheses.
RESULTS
Taste Cell Preparation
The onion-shaped taste bud of the rat, 30-50 t~m in diameter, contains 50-100 cells, 50-70% of which are TRCs (Farbman, 1965; Murray, 1971) . We developed a protocol that allowed the buds to retain their shape when isolated from the tongue epithelium. The spindle shape of the TRCs and their orientation within the bud were also preserved. Typically the TRCs converged at the apical pole ( Fig. 1 , A-C), as also seen in microscopic sections (Farbman, 1965) . The main feature of the protocol is the use of the high KCM. When Tyrode or Na culture medium was used instead of the KCM to prepare the buds, or when the collegenase treatment was prolonged, the buds had a more globular shape and more lysed cells were observed at their periphery. The best results were obtained when the isolation protocol was as short as possible, i.e., when the buds were patch clamped 45 min after the death of the rat. To allow superfusion with saline, the buds were attached to the bottom of the experimental chamber. This was achieved by covering the glass bottom with concanavalin A, poly-L-lysine, or Cell-Tak. We preferred Cell-Tak because concanavalin was reported to affect Ca currents (Ivens and Deitmer, 1986 ) and poly-L-lysine can cause a nonspecific increase in membrane conductance (Hammes and Schullery, 1970) .
To gain access to taste cells located within the bud, a further dissection was done under the microscope. With the buds strongly attached to the dish, taste cells could be pulled off, one by one, with a patch pipette (Fig. 1 ., D and E). Seals were easily obtained, either on cells from the periphery of the intact taste buds or on single cells isolated by micro-dissection. We recorded from 281 cells.
On-Cell Recordings
In the process of sealing, TRCs often generated action potentials, probably caused by depolarization due to mechanical disturbance. The action potentials became noticeable as fast, biphasic current transients, as observed in other excitable cells (Fenwick et al., 1982a; Rorsman and Trube, 1986) . The transients consisted of conductive and capacitance currents driven by the cellular voltage change. Action potentials were also generated in response to electrical stimulation. It appears that the patch was sufficiently leaky and the cell resistance sufficiently large for a current of 3 pA to depolarize the membrane potential to threshold. depolarization, the shorter the interval between the spikes. A graded decrease of the spike amplitude occurred within each group.
Two types of current transients were observed. Type I transients were biphasic, almost symmetrical (Fig. 2 B) . They are mainly derivatives of action potentials, which have comparable rates of depolarization (positive phase) and repolarization (negative phase of the current transient). Type II transients (Fig.2 C) were strongly asymmetrical, the negative phase being very small. Because the time course of the positive phase of both types could be superimposed, we attribute the small negative phase in type II to a slow repolarization of the action potential rather than to an increased I I'~176 FIGURE 2. On-cell recording of current transients driven by cellular action potentials. A, Starting from the pipette holding voltage of -80 mV, step command pulses (millivolt values indicated) were applied which depolarized the cell. A 3-pA current was sufficient to trigger an action potential (lower current time course). For clarity, curves were displaced horizontally for an arbitrary distance. B and C, Current transients driven by spontaneous action potentials (upper traces) and corresponding computer integration (lower traces). Type I transient (B) was symmetrical and its integration yielded to an action potential-like time course having a fast falling phase. Type II transient (C) had a smaller negative-oriented phase which produced a slower repolarization in the integrated trace. For A, B, and C the pipette contained the standard KCI filling solution and the bath solution was Tyrode.
conductive current component. However, a conductive component may also contribute to the current transient. The integration of the digitized trace of the current transients ( Fig. 2 , B and C) resembled the action potentials measured in whole-cell current clamp (Fig. 3) . A marked after-hyperpolarization, often seen on the integrated traces, was probably due to asymmetrical conductive current flowing through the patch. The current transients were not affected by the Ca channel blockers Cd and Ni (see below). ls Whole-cell recordings from TRCs. A, Current time courses in response to depolarizations from a -80-mV holding voltage to the values indicated. The patch was broken with a suction pulse. B, Corresponding maximum inward and outward currents plotted against the command pulse voltage. C, Progressive permeabilization of the membrane patch as a result of the nystatin channel incorporation. The current time courses in response to a voltage pulse from -80 to 0 mV, recorded at the time indicated after sealing, were superimposed. Capacitive currents were not compensated. Before the backloading of the pipette with the nystatin-containing solution (300 #g/ml), the tip was filled with the standard KCI pipette solution. D and E, Whole-cell current-clamp recordings of spontaneous action potentials in three different cells. D, Type I action potential with a fast repolarizing phase (/eft), type II action potential with a longer repolarizing phase (m/rid/e), and action potential having a shoulder on the repolarizing phase (r/ght). E, Same TRC as in D (r/ght) at a compressed time scale. The pipette contained the standard KC1 filling solution and the bath was Tyrode.
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Whole-CeU Recordings
To obtain the whole-cell recording configuration, the patch was broken with a suction pulse. When the pipette contained KCI and the bath Tyrode, the cells had an input slope resistance of 1-3 G~, a membrane capacitance of 3-5 pF, and a zero current potential ranging between -70 and -50 mV when stable.
Step-depolarizations from -80 mV resulted in the current time courses of Fig. 3 A. In 204 of 281 cells (72%) as fast transient inward current was elicited when the voltage exceeded -50 mV, and was followed by a more slowly developing outward current. The remaining 77 cells showed only outward currents. The inward current was blocked by 2 #M TTX and disappeared when N-methyl-B-glucamine (NMDG) replaced Na. The outward current vanished when CsCI or NMDG replaced KC1 in the pipette filling solution (Fig. 4 A) . These results, as well as the current-voltage relationships for the peak and steady-state currents ( Fig. 3 B) , suggest that the rat TRCs have the classical voltage-gated Na and K currents of excitable cells.
To avoid the dialysis of cellular constituents and to preserve the natural intracellular Ca concentration, we used the "nystatin-perforated patch method" described by Horn and Marty (1988) . The tip of the pipette was filled with normal pipette solution and the solution containing nystatin (300 ~g/ml) was backloaded. The incorporation of the nystatin channel in the patches could be followed by monitoring the changes in the biphasic current transients elicited by a constant depolarizing pulse. The delay of the current transient progressively decreased (Fig. 3 C) and its amplitude increased. Within 20 min the time course of the inward current progressively turned from an extracellularly measured capacitive transient (cell unclamped) to a typical whole-cell clamp current. The only difference in the membrane current properties, when this method was used instead of the mechanical break-through, was a shift in the activation of the Na current (see below).
Whatever the method used to obtain the whole-cell configuration, stable current clamp conditions were rarely obtained. Many cells depolarized within 1-3 min after opening the patch. This might be due to the high input slope resistance of the TRCs, a small current change affecting strongly the resting voltage. In cases where a stable potential was recorded for a longer period, the cells sometimes fired spontaneous action potentials (Fig. 3, D and E) . As found with the on-cell mode, the action potentials were of two types. Type I has a fast rising and a fast falling phase and resembled the integrated current trace of 
Voltage-gated Inward Na Current
Thresholds for Na current activation ranged from -60 to -50 inV. The peak amplitude, reached between -30 and -10 mV, averaged 0.74 +-0.67 (76) nA. Kinetic parameters were studied when the KCI of the pipette solution was replaced by CsCI or NMDG to eliminate the outward currents (Fig. 4, A and B) . The time to peak was 0.13 ms for a -30-mV depolarizing pulse, and at the same voltage the inactivation time course, approximated with a single exponential, had a time constant of 3 ms. When the cells were dialyzed with CsC1 and NMDG, or when the patches were permeabilized with nystatin, thresholds tended to be more negative, activation was steeper, and a delay in the current development was often observed. These effects were probably due to a remaining series resistance causing the cell A steady-state leakage current of 10-50 pA was always observed. C, The recovery at -80 mV of the Na current inactivation was evaluated with two pulses (prepulse and test pulse) applied at variable intervals. The relative inactivation was measured as 1 -(IT/Ip) , where I T and I e were the peak Na-currents, obtained with the test pulse and the prepulse, respectively. The ratio was plotted against the time interval, r is the time constant of the exponential relationship obtained. Pipette and bath solutions were as in A. D, Voltage dependence of steady-state inactivation of the Na current (see tex0. The data points from two cells were fitted with Eq. 1 (drawn line), with V h = -50 mV and k = -6.5 mV. Pipette and bath solutions were as in A.
voltage to deviate from the pipette clamp voltage. The corresponding data were not used for the analysis.
To study the voltage dependence of the steady-state inactivation, the largest peak current (I), obtained with pulsed depolarization from different holding voltages (V), 1070 THE JOURNAL OF GENERAL PHYSIOLOGY. VOLUME 96. 1990 was normalized to Imp,, obtained when the holding voltage was -80 inV. The plot of I/Im~ as a function of V resulted in a sigmoid (Fig. 4 D) , which was fitted with
where Vh is the half-inactivation voltage and k is the steepness coefficient. The values found were -50 mV and -6.5 mV, respectively. Recovery from inactivation, measured with a two-pulse protocol, could be fitted with a single exponential of time constant 2.82 ms at -80 inV. These results are in the range of those obtained for TIX-sensitive, voltage-gated Na currents in other preparations (see Hille, 1984) .
Voltage-gated K Current
With inward currents suppressed by replacing the external Na with NMDG, outward currents were elicited with depolarizing pulses exceeding -30 mV. Fig. 5 A shows typical time courses with slow inactivation during prolonged depolarizations. The resulting current-voltage relationship for peak and steady-state currents is depicted in Fig. 5 B.
Amplitudes of tail currents were measured at -40 mV, after termination of graded depolarizing pulses (Fig. 5 C) . Activation of the outward currents started at -30 mV and was complete at +5 mV. The activation curve was of sigmoid shape and could be fitted with Eq. 1. Half-activation occurred at -20 mV, and the steepness coefficient was 6 inV.
Fig. 5 D shows the blocking effects of classical K channel blockers. While 10 mM tetraethylammonium (TEA) reduced peak and steady-state currents uniformly, 5 mM 4-aminopyridine (4-AP) tended to block the peak current more efficiently. 10 mM Ba also blocked 50% of the K outward current (not shown). Thus, several K conductances with different pharmacological properties might be present in the TRCs.
Voltage-gated Inward Ca Currents
When CsC1 or NMDG substituted for KC1 in the pipette, the inactivation of inward current sometimes was incomplete, leaving a small stationary component. This component was enhanced when the Ca was increased to 10 mM (Fig. 6 A) . The resulting steady-state current-voltage relationship (Fig. 6 B, solid symbols) revealed a sustained Ca current activating at -30 mV and having a reversal potential near 40 mV.
To study current through Ca channels with better resolution, we replaced the Na of the Tyrode solution with 100 mM Ba. Ba is known to pass Ca channels as well as or better than Ca (Bean, t989) . Furthermore, it blocks remaining outward K currents. Fig. 6 C shows the current time courses resulting from step depolarization from a holding voltage of -80 mV. Despite the presence of 2ttM TTX and the absence of Na, a transient inward current was elicited at the threshold of -50 mV. The current inactivated completely within 75 ms at voltages of -50 to -20 inV. At higher depolarizations a more sustained inward current superimposed the time courses of the transient current. Thus the Ca current could be divided into a low threshold inactivating component, i.e., the T-type current (/CAT), and a sustained component of higher threshold, the L-type current (ICaL). It is difficult to distinguish the L-type from the N-type Ca channel (/CAN) (Bean, 1989) , and we are not sure to what extent our/Ca L is contaminated by/Ca N. We are using the term/Ca L because of the slow inactivation with a time constant of 1.3 s occurring at 0 mV (Fig.  6 E) , which is close to the value of 1.4 s found by Fox et al. (1987) at this voltage. In contrast,/CaN inactivates with time constants <100 ms at 0 mV (Fox et al., 1987) .
The currents remaining after inactivation of/Ca T were plotted against voltage ( 6 D) to obtain the current-voltage relationship for /CAL. The values were then subtracted from the peak currents to obtain/Ca T. Both Ca currents peaked at 0 mV and had a rather low reversal potential (+50 mV ), indicating that the channels are not purely selective to divalent cations, as was described for some other systems (see Reuter and Scholz, 1977; Hess et al., 1986; Pelzer et al., 1990) . Fig. 7 A the Ni-sensitive current (/CAT) was determined by subtracting the curve obtained under full block of Ni from the control curve. Both currents were blocked by 0.5 mM Cd (Fig. 7 , B and C), but whereas/Ca L almost completely disappeared at this blocker concentration, ICaT was reduced by only 60%. Similarly, the Ca channel blocker D600 reduced/Ca L by 76% at 50 #M and blocked only 50% of ICa x (Fig. 7, B and C) .
mM Ni fully blocked ICa x but did not affect/Ca L In
From a total of 42 ceils tested for Ca currents, 35 had inward Na currents (measured in Tyrode) and 27 had inward currents in 100 mM Ba. While/Ca T and /Ca L were present simultaneously in 11 cells, 16 TRCs had only ICa x. The peak FIa~ 7. Differential blockage of L-and T-type Ca currents. A, Current-voltage relationship of the peak current in the presence and absence of Ni (0.2 raM). Open circles, /Ca L + /Ca, r; solid circles, /Ca L remained when/Ca T was blocked with 0.2 mM Ni; dashed line, IC~ obtained by subtraction. The leak current was also subtracted. The pipette contained NMDG instead of K and the bath was the high Ba solution of Fig. 6 . B and C, Blocking effects of D600 and Cd on the peak current,/Ca T (B) and the steady-state current,/Ca L (C). Solutions were as inA.
current was 53 -+ 40 pA (27) for/Ca T and 440 _+ 297 pA (11) for/Ca L. Among the cells having Ca currents,/Ca L was absent in 60% of the cases, probably due to a fast rundown (Byerly and Hagiwara, 1982; Fenwick et al., 1982a; Belles et al., 1988) . However, this finding allowed us to study/Ca T separately, as will be seen in the next section.
T-Type Ca Current
The time course of the T-type calcium current resulting from pulsed depolarizations is shown in Fig. 8 A. Compared with the Na current, the activation was slower (time to peak 20 ms at -30 mV). The threshold for activation was in the range -50 to -40 mV and the peak currents plotted versus pulse voltage gave a bell-shaped curve with a maximum ranging between -30 and 0 mV (Fig. 8 B) . The reversal potential was clearly less positive than would be expected for a pure Ba-Ca selectivity (300 mV). The current inactivated at -30 mV with a time constant of 36 ms. The slow recovery from inactivation, studied with a double-pulse protocol, could be approximated with a single exponential of 261 ms time constant (Fig. 8 D) . The voltage dependence of the inactivation was studied with the protocol previously used for the Na current and the resulting curve was fitted with Eq. 1. The half-inactivation was -65 mV and the steepness coefficient was -4 mV (Fig. 8 C) .
It has recently been shown that amiloride, a blocker of the common epithelial Na channel, blocks the T-type Ca channel of neuroblastoma cells. The reported inhibition constant was 30 #M (Fang et al., 1988) . In our experiments amiloride also blocked/Ca T . However, the apparent inhibition constant was relatively high, in the order of 200 #M (Fig. 8 E) .
Influence of the External Divalent Cation Concentration
Replacing Ba with Ca reduced/Ca L by 50% but did not reduce /Ca T. L-type Ca channels are commonly observed to have a higher premeability for Ba than for Ca. Thus, as far as the kinetic and pharmacological properties are concerned,/Ca T and ICaL of TRCs resemble the two types of Ca current classically described in other excitable cells (for review see Bean, 1989) . Their activation thresholds, however, are 20 mV more positive than the values of -70 and -40 mV usually reported for/Ca T and/Ca L, respectively.
This difference may be due to neutralization of surface charges by the high Ba or Ca concentration needed to reveal the currents (Hale, 1984; McDonald et al., 1986; Akaike et al., 1989) . When the external Ca was reduced, a lowering of the threshold, concomitant with a decrease of the current amplitude, was observed (Fig. 9) . As expected, the shift was more pronounced for changes in the low concentration range (Hille, 1984) . At 3 mM external Ca the threshold was between -40 and -50 mV for /Ca L, a value also found in other cells (see Bean, 1989) . A similar shift was also observed for/CAT, but due to its small amplitude the current could not be studied below 50 mM external Ca.
Action Potentials in Response to Sweet Stimulation
As shown above, the taste cells from the rat fungiform papilla generate action potentials. Are these action potentials part of the normal response to a taste stimulus? To investigate this point we stimulated the cells with saccharin, which is a sweet agent also in the rat (Sato, 1971) , and effective at moderate concentrations. Fig. 10 A shows the effect of superfusing a taste cell with 20 mM Na-saccharin in the cell-attached configuration. Saccharin induced an increase in outward current of ~2 pA, as recorded through the unbroken patch. It appears possible that a depolarization effected by saccharin was driving additional current through the leak conductance of the patch. (The conductance of on-cell patches can be much larger than predicted from whole-cell conductance and patch area [Fenwick et al., 1982a; Fischmeister et al., 1986] ). However, a change in patch current induced by saccharin via second messenger is not excluded.
Action potentials were fired at a mean frequency of 0.6 s -1 during the period of depolarization. They became noticeable on the record as short biphasic current transients. The shape (see inset) indicated type II action potentials, i.e., those with a slow repolarization phase. The stimulatory effect of saccharin was reversible (repeated three times with the TRC of Fig. 10 A) . Depolarization caused by saccharin was indicated in 24 out of 64 cells (38%) in the cell-attached configuration. Of the 24 cells, 7 fired action potentials.
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A depolarization accompanied by action potentials was also observed in whole-cell recordings, as shown in Fig. 10 B. Of 38 cells tested, 14 (32%) responded to saccharin with a depolarization (mean amplitude 8.9 + 5.1 mV), but only 2 fired action potentials. Thus it appears that the whole-cell mode is less suitable for observing this phenomenon than the on-cell mode. 
Response of K Conductance to Sweet Stimulation
To identify the conductance responsible for the sweet-induced depolarization, quasi-simultaneous currents were recorded at the reversal potentials of the three principal ions: Na (+66 mV ), C1 (0 mV), and K (-80 mV). In whole-cell voltage clamp the potential was stepped every 3 s from a holding voltage of -80 mV (close to the reversal potential for K). A computer generated the command pulses of 30-40 ms duration (Fig. 11 A) and sampled the currents continuously at 1 kHz. Values toward the end of each voltage were stored in separate arrays and displayed as separate current traces. The method of interleaved recording was first tested with TEA (Fig. 11 B) . The K channel blocker caused a reversible decrease of the currents at the reversal potentials of Na and CI but did not affect the current measured at the K reversal potential. A similar reversible reduction of outward currents at the CI and Na reversal potentials was found during superfusion with saccharin (Fig. 11, C and D) . There was no change at the K reversal potential, indicating that the Na content of the 20 mM Na-saccharin addition was not relevant for the response. Rather, the results indicate that a decrease in the K conductance was responsible for the decrease in the outward current. A reduction of K current was observed in 34% of the 55 cells tested and averaged 21 +_ 7%. A decrease in K conductance in response to a cAMP-mediated phosphorylation was demonstrated in frog TRCs . In rat TRCs bath application of 5 mM cAMP produced a 14 _+ 7% decrease of the K conductance in 10 of 25 saccharin-responsive cells (Fig. 11, C and D) . The yield was not improved when 8-Br cAMP, di-but-cAMP, or cpt-cAMP were used, when 0.1 mM IBMX was added, or The voltage values -80, 0, and +66 mV correspond to the equilibrium potentials of K, C1, and Na. The pulse protocol was repeated every 3 s and the mean current over 10 ms at the end of each voltage pulse was used for the time course display of B, C, and D (see text). The pipette always contained the standard KC1 filling solution. B, Test of method: time course of the whole-cell current at the equilibrium potentials for Na (ENd), C1 (Ea), and K (Ev) in response to a slow superfusion of TEA (8 raM). Note that the currents are affected at ENa and Ecl but not at E K, suggesting that the current blocked by TEA was K current. C, Another cell: time course of the whole-cell currents during slow superfusion with saccharin and cAMP. D, Another cell under the same conditions as in C.
Note that the effects of saccharin and cAMP are similar in D but not in C.
when the patch was permeabilized with nystatin. No attempt was made here to characterize further the TEA-blockable K channels that close in response to saccharin.
DISCUSSION
Characteristics of the TRCs
The shape of rat TRCs, as observed after micro-dissection, is comparable to amphibian TRCs Richter et al., 1988) and shows a typical elongated apical pole. Rat TRCs are, however, thinner (30/zm in length, 4 #m wide at the soma, and 1 /zm at the apical pole), which explains their smaller membrane capacitance of 3-5 pF. A membrane capacitance of 10 pF was measured for frog TRCs (Avenet and Lindemann, 1987b) and 50 pF for Necturus . The method used to prepare rat TRCs suitable for patch clamping produced cells that seemed viable inasmuch as they still generated action potentials. Indeed, the fact that action potentials were recorded in the on-ceil mode, i.e., without first loading the cell with K from the pipette solution, demonstrates the low Na, high K content of TRCs and their high resting potential. This was achieved by lowering the metabolic rate (4~ at reduced K gradient) while the cells were prepared. Minimal enzyme exposure and a fast protocol were also essential.
In amphibian TRCs the presence of voltage-gated conductances and the ability to generate action potentials was previously demonstrated with micro-electrode impalements (Kashiwayanagi et al., 1983; Roper, 1983; Avenet and Lindemann, 1987a) , and more recently with the patch clamp technique (Avenet and Lindemann, 1987b; Miyamoto et al., 1988; Teeter et al., 1989) . Less patch clamp data are available for mammals. In the rat, only 10% of TRCs isolated from the circumvallate papilla were reported to have a transient Na inward current (Akabas et al., 1988 (Akabas et al., , 1990 , whereas in the mouse this current was present in half of the cells (Spielman et al., 1989) .
From the four types of cells described in mammalian taste buds (basal cell, type I or dark cell, type II or light cell, and perigemmal cell), type I (representing 50-70% of the cells) are believed to have receptor functions (Farbman, 1965; Murray, 1971) . In our study the transient Na current was present in 72% of the cells patched. Thus, the number of electrically excitable cells roughly matches the number of putative receptor cells. Cells from the periphery as well as from more central positions in the taste buds were patched. However, no correlation between the topology and the presence of one or several voltage-gated conductances was observed.
Two Types of Ca Currents
While a quasi-L-type Ca current was found in amphibian TRCs , Ca currents were not previously demonstrated in the mammalian taste buds (Spielman et al., 1989; Akabas et al., 1990 ). Here we report that TRCs from the rat fungiform papilla have a low and high threshold calcium current, as in a variety of other excitable cells (for review see Bean, 1989) . The current density oflCa L of 15 pA/pF in 10 mM Ca was smaller than the current density measured in Necturus taste cells (32 pA/pF in 10 mM Ca; or in adrenal chromaffin cells (33 pA/pF in 5 mM Ca; Fenwick et al., 1982b ) but similar to the density found in pancreatic /3 cells (12 pA/pF in 10 mM Ca; Rorsman and Trube, 1986) . /Ca T represented only 25% of the current density of/Ca L (measured in Ca), a value typically observed for other cells (Bossu et al., 1985; Fedulova et al., 1985; Carbone and Lux, 1987; Fox et al., 1987) .
It has been suggested that ICa x plays a role in the membrane potential oscillations of certain central neurons (Coulter et al., 1989; Crunelli et al., 1989) , in pituitary cells (Matteson and Armstrong, 1986) , or in a 2 pancreatic cells (Rorsman, 1988) . Its low threshold (close to the resting potential) and the presence of Ca-dependent K channels make/CaT suitable for generation of bursting or pacemaker activities. In TRCs we did not observe potential oscillations. It cannot be excluded that such a behavior was suppressed by an alteration during cell dissociation.
A role of amplifier for low efficiency depolarization in sensory neurons and a 2 pancreatic cells has also been suggested (Bossu et al., 1985; Rorsman, 1988) for /Ca T. In TRCs, /CaT would be activated by receptor potentials of small amplitude and then would cause further depolarization up to the excitation threshold. Alternatively, ICa T would allow Ca entry in cells unable to produce a fully developed action potential. Finally,/Ca T is often found in embryonic and immature cells and a role in development was proposed. In the taste bud there is a continuous renewal of the cells (Delay et al., 1986) . Thus the presence of/Ca T may reflect an early stage of maturation.
In contrast to the "electrical" functions of ICw r, and/Ca L and more recently/Ca N were implicated in secretory processes (Rane et al., 1987; Hirning et al., 1988) . When these Ca channels are opened, inflow of Ca leads to fusion of secretory vesicles with the plasma membrane. In presynaptic terminals,/Ca N is more likely than /Ca L to trigger transmitter release (Miller, 1987 ; but see Maguire et al., 1989) . Similarly, in the taste cells of fungiform papillae ICa L and/or /Ca N may trigger transmitter release at the synapse with the sensory axon. This is in contrast to bitter-sensitive cells of the circumvallate papilla, where the rise of cytosolic Ca is due to release from intracellular stores (Akabas et al., 1988) .
L-type Ca currents are often subject to extensive regulation./Ca L of TRCs might be directly under the control of a second messenger as, for instance, the betaadrenoreceptor pathway in cardiocytes (Kameyama et al., 1985; Pelzer et al., 1990) . This possibility remained unexplored in this study.
Why Do Taste Cells Fire Action Potentials?
We show that taste cells are able to fire action potentials in response to sweet stimulation. Similar responses of amphibian taste cells to sour and salty have been recorded previously (Avenet and Lindemann, 1987a; Kinnamon and Roper, 1987) . Thus the use of voltage-gated conductances as part of the signalling chain is now demonstrated for TRCs of several vertebrates. This contradicts previous microelectrode studies, where taste cells, including those of the rat, were found to be nonexcitable (see Sato, 1980) . The discrepancy may be explained by damage during microelectrode impalement.
The presence of one Na and two Ca voltage-gated currents confer to the taste cells electrical properties similar to those of other chemosensitive cells as, for example, the glucagon-secreting a 2 pancreatic cells (Rorsman, 1988) or the O2-sensitive cells of the carotid body (Urena et al., 1989) . Like these cells, TRCs are "short" and their action potentials are obviously not needed for impulse propagation. Rather, they may serve to depolarize the membrane, from receptor potentials of small amplitude, sufficiently to fully activate/CAL. Indeed, the low density of Ca currents found in the rat TRCs may not be sufficient for a pure regenerative Ca action potential leading to full activation of the Ca currents. Therefore, a Na action potential is required to bridge the gap between the receptor potential and the threshold of/Ca L (Avenet and Lindcrnann, 1989) , to assure optimal Ca influx and transmitter release.
Response to Sweet
A subpopulation (34%) of rat TRCs responded to Na saccharin with a depolarization linked to a decrease in outward K currents. A decrease in K currents in response to sucrose was also reported for the "type H" TRCs of the mouse, while "type D" appeared to respond with an increase in Na conductance (Tonosaki and Funakoshi, 1984) . Thus, more than one transduction pathway for "sweet" may exist in TRCs of rodents. A pathway of sweet-transduction involving the opening of a nonspecific apical conductance was indicated for the dog (Mierson et al., 1988; Simon et al., 1989) .
In mouse TRCs, injected cyclic nucleotides, like exposure to sucrose, induced depolarization and a decrease in membrane conductance (Tonosaki and Funakoshi, 1988) . For the rat, an adenylate cyclase stimulated by sweet agents was reported (Striem et al., 1989) , and intact taste cells were recently shown to generate cAMP in response to exposure with sucrose (Striem et al., 1990) . In the frog, cAMP caused an inhibition of outward current and a depolarization in ~50% of the TRCs investigated (Avenet and Lindemann, 1987b) . For frog taste cells, a closure of 44 pS K channels by cAMP-activated phosphorylation was demonstrated and was suggested to participate in the transduction mechanism for the sweet taste . We now found in some rat TRCs responding to saccharin that added cAMP, like saccharin, reduced the outward K current (Fig. 11 D) . However, only 40% of the cells responding to saccharin also responded to cAMP. Further work is needed to elucidate this point. Taste cells were often described as "multimodal," broadly tuned receptors (for a review, see Avenet and Lindemann, 1989) . One would then expect that most TRCs respond to some extent to sweet stimuli. The fact that the response was observed in only 34% of the TRCs might be due to a subtle alteration of the cells in response to dissociation. The elucidation of this point will need further work, probably with noninvasive techniques like recording from intact tissue (B6h6 et al., 1989b) .
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